A strategy to obtain a mannitol-overproducing strain is proposed.
INTRODUCTION
The ability of several bacteria, such as Lactobacillus plantarum, some bifidobacteria, Escherichia coli and Streptococcus mutans to utilize mannitol as a primary energy source for growth has long been established (Chakravorty, 1964 ; de Vries & Stouthamer, 1968 ; Maryanski & Wittenberger, 1975) . In the organisms examined, mannitol is transported via a specific phosphoenolpyruvate (PEP) : mannitol-dependent phosphotransferase system (PTS Mtl ) (Postma et al., 1993) ; the resulting mannitol 1-phosphate (Mtl1P) is subsequently converted to fructose 6-phosphate (F6P) by the activity of Mtl1P dehydrogenase (Mtl1PDH) (Chakravorty, 1964 ; Lee et al., 1981 ; Loesche & Kornman, 1976 ; Rager et al., 1999 ; Streekstra et al., 1987) . The production of mannitol and Mtl1P during glucose metabolism Abbreviations : FBP, fructose 1,6-bisphosphate ; F6P, fructose 6-phosphate ; GAPDH, glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) ; LDH, L-lactate dehydrogenase (EC 1.1.1.27) ; LDH d , lactate-dehydrogenasedeficient ; Mtl1P, mannitol 1-phosphate ; Mtl1PDH, mannitol-1-phosphate dehydrogenase (EC 1.1.1.17) ; PEP, phosphoenolpyruvate ; PFK, 6-phosphofructokinase (EC 2.7.1.11) ; 3-PGA, 3-phosphoglycerate ; PK, pyruvate kinase (EC 2.7.1.40) ; PTS Mtl , mannitol phosphotransferase system. supports the view that the reduction of F6P to Mtl1P, concomitant with NAD + regeneration, is a useful pathway for the fulfilment of the redox balance in several organisms (Edwards et al., 1981 ; Ezra et al., 1983 ; Loesche & Kornman, 1976 ; Neves et al., 2000 ; Rager et al., 1999 ; Rosenberg et al., 1984) . In some Leuconostoc species, mannitol is produced from fructose by a mannitol dehydrogenase, in a process also coupled to the oxidation of NADH (Grobben et al., 2001 ; Dols et al., 1997) , and in many fungi, mannitol is involved in a cycle of utmost importance both for NADPH biosynthesis and NADH oxidation (Hult et al., 1980) . Recently, we reported the production of mannitol and Mtl1P during glucose metabolism in cell suspensions of a lactate-dehydrogenase-deficient (LDH d ) strain of Lactococcus lactis (Neves et al., 2000) . This metabolic peculiarity was rationalized as an alternative way to regenerate NAD + in the absence of the pivotal enzyme LDH. Interestingly, after glucose depletion, mannitol was taken up from the medium and converted mainly to ethanol. To the best of our knowledge, there are no reports in the literature concerning the ability of L. lactis to use mannitol as a substrate for growth ; being more A. Rute Neves and others reduced than glucose, mannitol metabolism implies the formation of an extra NADH molecule that has to be reoxidized downstream of the pyruvate node.
Although mannitol is not important as a substrate in dairy sources, its presence in food products is desirable, since it can be converted in the human gut to short-chain fatty acids, which presumably confer protection against the development of colon cancer (van Munster & Nagengast, 1993) . Furthermore, it is a low-calorie sweetener that can replace sucrose (Furia, 1972) and a scavenger of free hydroxyl radicals (Rozenberg-Arska et al., 1985) . Therefore, the production of mannitol by L. lactis could be exploited to obtain healthier foods. Mannitol has also been shown to act as an osmolyte (Kets et al., 1996 ; Luxo et al., 1993) and as a protector of L. lactis cells when subjected to drying (Efiuvwevwere et al., 1999) . In spite of its physiological and biotechnological interest, mannitol metabolism has not been investigated in lactic acid bacteria, except for the oral pathogens (Yamada, 1987) . A greater understanding of the pathways and regulatory mechanisms involved in mannitol metabolism is a requisite for the design of mannitol-overproducing strains.
In this work, we studied mannitol metabolism in L. lactis MG1363 and a derivative LDH d strain ; growth parameters as well as intracellular metabolite pools were determined. The presence of mannitol led to a strong induction of Mtl1PDH activity and to the accumulation of Mtl1P and the production of high amounts of ethanol and formate. The pools of intracellular metabolites, Mtl1P, fructose 1,6-bisphosphate (FBP), 3-phosphoglycerate (3-PGA) and PEP in mannitol-or glucose-grown cells were monitored noninvasively by "$C-NMR.
METHODS
Bacterial strains and growth conditions. L. lactis strains FI7851 (LDH d ) (Gasson et al., 1996) and MG1363 (parental strain) (Gasson et al., 1983) were grown at 30 mC in a 2 l fermenter (Bioflo IIc ; New Brunswick) at pH 6n5 as described previously (Neves et al., 2000) . The chemically defined medium described by Poolman & Konings (1988) , containing 55p2 mM (1%, w\v) glucose or 60p1 mM (1%, w\v) mannitol, was supplemented with erythromycin (5 µg ml − ") for the growth of the LDH d strain, which contains an erythromycin reporter gene. Growth was evaluated by measuring OD '!! and calibrating against cell dry weight measurements.
Quantification of fermentation products. Samples (5 ml) of the LDH d or MG1363 cultures grown in medium containing mannitol or glucose were taken at different growth stages, centrifuged (2000 g, 5 min, 4 mC) and supernatant solutions were stored at k20 mC until analysis by HPLC using a refractive index detector (LKB2142). Glucose, mannitol, acetate, ethanol, formate, lactate, acetoin and 2,3-butanediol were quantified using an HPX-87H anion exchange column (Bio-Rad) at 60 mC, with 5 mM H # SO % as the elution fluid and a flow rate of 0n5 ml min − " (Hugenholtz & Starrenburg, 1992 (Ramos & Santos, 1996 ; Ramos et al., 2001) or by spiking the NMR samples with the suspected pure compounds. The reported values for intracellular phosphorylated compounds are means of two independent growth experiments and the accuracy varied from 10 to 15 %.
In vivo NMR experiments and quantification of metabolites. Cells were grown as described above on medium containing mannitol or glucose and harvested in the mid-exponential growth phase and suspended in 50 mM potassium phosphate buffer (pH 6n5) to a protein concentration of approximately 13 mg protein ml − ". In vivo NMR experiments were performed using the on-line system described previously (Neves et al., 1999) . [1-"$C]Glucose (20 mM) or [1-"$C]mannitol (19 mM) were supplied to the cell suspension and the timecourse for their consumption, product formation and intracellular metabolite pools was monitored in vivo. When the substrate was exhausted and no changes in the resonances of intracellular metabolites were observed, an NMR sample extract was prepared as reported previously (Neves et al., 1999 (Neves et al., , 2002 . The end products, lactate, acetoin, acetate, 2,3-butanediol, ethanol and formate, were quantified in the NMR sample extract by "H-NMR in a Bruker AMX300. The concentration of intermediates that remained inside the cells (pyruvate, aspartate, succinate, alanine) was determined in fully relaxed "$C spectra of the NMR sample extracts as described by Neves et al. (2002) .
For quantification of the intracellular metabolites, correction factors were determined, allowing the conversion of resonance areas into concentrations. The correction factor for FBP (0n73p0n04) was obtained as described previously (Neves et al., 1999) ; a factor of 0n65p0n03 was determined for mannitol and Mtl1P as reported by Neves et al. (2000) . Metabolite concentrations were calculated using a value of 2n9 µl (mg protein) − " for the intracellular volume (Poolman et al., 1987) . The concentration limit for detection of intracellular metabolites under the conditions used to acquire in vivo spectra (30 s total acquisition time) was 3-4 mM. The values shown are means of two to four experiments and the accuracy varied between 2 (end products) and 15 % in the case of intracellular metabolites with concentrations below 5 mM. NMR spectroscopy. "$C or $"P NMR spectra were acquired at 125n77 or 202n45 MHz on a Bruker DRX500 spectrometer. All in vivo experiments were run using a quadruple nuclei probe head at 30 mC, as described previously (Neves et al., 1999) . For the quantitative analysis of NMR sample extracts by "$C-NMR, a repetition delay of 60n5 s was used. The $"P-NMR spectra of the ethanol extracts were obtained as described by Ramos et al. (2001) . For the determination of LDH activity in cell extracts, lactate production was monitored by "H-NMR using a pulse width of 6 µs (90m flip angle) and a recycle delay of 3n1 s. For the quantification of lactate, formate was used as a concentration standard, the recycle delay was increased to 45n7 s and 96 transients were acquired. Carbon and phosphorus chemical shifts were referred to the resonances of external methanol or external 85 % H $ PO % , designated at 49n3 p.p.m. and 0n0 p.p.m., respectively.
Enzyme activity measurements. The extracts used for measurement of enzyme activities were prepared from cells harvested in the mid-exponential growth phase (Neves et al., 2000) . Enzyme activities were assayed in a spectrophotometer Mannitol catabolism in Lactococcus lactis (Beckman DU70) , equipped with a cell compartment thermostated at 30 mC, in a total volume of 1 ml. One unit of enzyme activity was defined as the amount of enzyme catalysing the conversion of 1 µmol substrate min − " under the experimental conditions used.
LDH and pyruvate kinase (PK) were assayed as described by Garrigues et al. (1997) . The forward (Mtl1P F6P) and reverse (F6P Mtl1P) reactions catalysed by Mtl1PDH were assayed as reported previously (Neves et al., 2000) . Phosphofructokinase (PFK) activity was measured by the method of Fordyce et al. (1982) . LDH activity in the LDH d strain grown on mannitol was measured by "H-NMR by monitoring the rate of lactate production after the addition of sodium pyruvate (20 mM) to a reaction mixture containing 35 mM Tris\HCl buffer, pH 7n2, 2n5 mM MgCl # , 0n6 mM NADH, 3 mM FBP (activator of LDH) and 25 % (v\v) #H # O. Anaerobic conditions were used to avoid NADH oxidation by the NADH oxidases present in the cell extracts.
Chemicals. [1-"$C]Glucose (99 % enrichment) and [1-"$C]mannitol (99 %) were obtained from Campro Scientific. Formic acid (sodium salt) and methylphosphonic acid were purchased from Merck and Aldrich, respectively. All other chemicals were reagent grade.
RESULTS

Characterization of growth of LDH d and MG1363 strains on mannitol
(i) Biomass and product formation. The growth profile and the kinetics of product formation during growth of both strains under anaerobic conditions in medium containing mannitol or glucose are depicted in Fig. 1 . In the LDH d construct, the major end products from mannitol (60 mM) catabolism were formate (94 mM), ethanol (70 mM) and acetate (22 mM) ; a minor amount of lactate (4n8 mM) was also detected. When growth ceased, after about 18 h incubation, only 68 % of the mannitol supplied had been consumed. Nonetheless, it is interesting to note that mannitol utilization proceeded beyond growth cessation (Fig. 1a) . With glucose (58 mM) as substrate, growth stopped only after glucose exhaustion, and a mixture of formate (83 mM), ethanol (60 mM), acetate (26 mM), acetoin (11 mM) and lactate (10 mM) was produced. Interestingly, a small amount of mannitol (maximal extracellular concentration of 0n4 mM) was transiently detected in the exponential growth phase (Fig. 1, b) .
In MG1363, a shift from a typical homolactic fermentation of glucose (more than 90 % lactate produced) to mixed acid fermentation was observed with mannitol. The predominant end products were formate (27 mM), ethanol (23 mM) and lactate (14 mM). Only 32 % of the mannitol supplied was consumed (Fig. 1c) .
(ii) Growth yields and energetics. In both strains studied, growth on mannitol led to the synthesis of less biomass ( Fig. 1) and was characterized by lower specific growth (µ max ) and substrate consumption (q max s ) rates than those observed in glucose-containing medium (Table 1) . A similar biomass yield, i.e. the growth yield relative to the substrate consumed, was determined for the LDH d construct growing on glucose or mannitol and MG1363 growing on glucose ; in contrast, a considerably lower value was found for the latter strain with mannitol as energy source. The global yields of ATP were calculated from the fermentation products assuming that all ATP was synthesized by substrate-level phosphorylation. In both strains, the higher ATP yield in mannitol-grown cells reflected the increased acetate production per mole substrate consumed, when compared to glucose-grown cells. Consequently, the biomass yield relative to ATP (Y ATP ), in g biomass (mol ATP) −" , was higher on glucose when compared to mannitol, showing that the latter is a poorer substrate for growth. The Y ATP values determined with glucose as energy source were equivalent to those reported previously for L. lactis (No! vak et al., 1997) .
(iii) Pools of intracellular metabolites. In the mid-exponential phase, the pool of glycolytic intermediates in MG1363 consisted mainly of FBP and 3-PGAjPEP, whereas LDH d cells growing on glucose also accumulated Mtl1P (approx. 10 mM) (Fig. 2) . In mannitolcontaining medium, both strains accumulated large amounts of Mtl1P (above 20 mM) and FBP (above 30 mM), indicating the presence of bottlenecks at the two NADH-generating steps [Mtl1P and glyceraldehyde-3-phosphate (GAP) dehydrogenases]. In the late-exponential phase, Mtl1P was still the predominant metabolite, except in glucose-grown MG1363 cells, where 3-PGAjPEP were the only intermediates detected. The presence of FBP and Mtl1P in extracts obtained in the late exponential phase reflects the availability of mannitol or glucose at the time of sampling (see arrows in graphs of Fig. 1 ), except for strain MG1363 grown on glucose for which the substrate was already depleted. Fig. 3 shows the kinetics of substrate consumption\end product formation and the pools of intracellular metabolites during mannitol catabolism by glucose-grown LDH d cells. The products formed were ethanol (18n0p1n0 mM), lactate (5n4p0n2 mM), acetate (2n4p0n3 mM) and 2,3-butanediol (1n9p0n1 mM) (Fig.  3a) . Additionally, a high amount of unlabelled formate (25n9p1 mM) was measured by "H-NMR in the total cell extracts resulting from these experiments. The mannitol consumption rate was approx. 0n03 µmol min −" (mg protein) −" , 3n6-fold lower than the rate of glucose consumption [0n11 µmol min −" (mg protein) −" ] determined under the same conditions (Neves et al., 2000) . The build-up of the Mtl1P pool was fast during the first 10 min and continued at a slower rate while mannitol was available, reaching a maximal concentration of 100p1 mM (Fig. 3b) . After mannitol exhaustion, Mtl1P decreased to undetectable levels at a rate similar to that of mannitol consumption. The FBP pool became detectable (around 3 mM) during the period of slow accumulation of Mtl1P and increased transiently to . Symbols : j, glucose ; #, mannitol ; , lactate ; >, ethanol ; X, acetoin ; W, acetate ; 5, formate ; $, biomass. For the sake of clarity the following labels were included in the graphs : EtOH, ethanol ; Glc, glucose ; Mtl, mannitol ; Lact, lactate ; Ac, Acetate ; For, formate. The arrows indicate the times at which samples were withdrawn for ethanol extraction and quantification of phosphorylated metabolites. about 5 mM. Other minor metabolites, such as succinate (1n4 mM) and 2-PGA (2n4 mM), were also detected in the cell extracts (not shown).
In mannitol-grown LDH d cells, the rate of mannitol consumption was only 1n3-fold higher than that observed in glucose-grown cultures. A similar pattern of end products was found : ethanol (18n5p2 mM), lactate (5n5p0n2 mM), 2,3-butanediol (2n9p0n2 mM), acetate (1n3p0n3 mM) and formate (23n0p1n0 mM) (Fig. 4a) . Nevertheless, significant differences were observed in the kinetics of intracellular metabolites (Fig. 4b) . Immediately after mannitol addition, the fast accumulation of Mtl1P (63p1 mM) was followed by a transient decrease to 48p1 mM ; at this stage, FBP increased from undetectable levels to a steady concentration of 18p1 mM. During the subsequent 30 minutes, the Mtl1P pool increased and reached a maximal concentration of 79p1 mM. After mannitol depletion, while the Mtl1P pool declined, a transient increase in the FBP concentration to 24n5p0n5 mM was observed. 3-PGA reached a concentration of 43p5 mM, and it is interesting to note that the rate of accumulation of this metabolite was much faster when the cells were grown on mannitol. The PEP pool was only visible long after mannitol addition, reaching a maximal concentration of 10p3 mM. Pyruvate accumulated (4p1 mM) while mannitol was available, decreasing afterwards to undetectable levels (not shown). (Fig. 5) . Glucose was consumed at a rate of 0n08 µmol min −" (mg protein) −" with equimolar amounts of ethanol (8n6p0n4 mM) and 2,3-butanediol (9n6p0n8 mM) being produced. Lactate (2n3p0n1 mM) and acetoin (1n3p0n2 mM) were also detected. Particularly interesting was the notable increase in the production of 2,3-butanediol when glucose was supplied. The formation of one molecule of 2,3-butanediol requires the oxidation of one NADH per mannitol consumed, whereas four NADH molecules are oxidized when ethanol is produced. The relief of the pressure to regenerate NAD + , enabled by the transient production of mannitol, was also apparent from the accumulation of acetoin, which is derived from pyruvate in a non-redox reaction. The increased competitiveness of the 2,3-butanediol\acetoin pathway could be explained by the presumed activation of α-acetolactate synthase (an enzyme with low affinity for pyruvate) by a higher pyruvate pool associated with the twofold higher glycolytic flux when glucose was the substrate. However, this view is not supported by our experimental data that shows a much higher pyruvate pool when mannitol was the substrate. Importantly, production of 2,3-butanediol was not observed during growth on glucose (Fig. 1b) .
Mannitol, Mtl1P and FBP were observed immediately upon the addition of glucose (Fig. 5b) . As long as glucose was available, mannitol increased to a concentration of 58p1 mM ; at the onset of glucose exhaustion the mannitol pool decreased sharply, originating a transient increase of Mtl1P. Our previous work has shown that about one-fourth of the mannitol derived from glucose is secreted to the external medium (Neves et al., 2000) . Therefore, the transient accumulation of Mtl1P is interpreted as being due to the utilization of mannitol upon glucose depletion. FBP increased transiently during Mtl1P depletion and subsequently decreased to undetectable levels. Concomitantly, 3-PGA and PEP increased and reached concentrations of 41p2 and 16p2 mM, respectively.
In vitro measurements of enzyme activities
Specific activities of relevant enzymes were measured in crude extracts obtained from mid-exponential cultures of mannitol-grown LDH d and MG1363 (Table 2) grown cells reported previously (Neves et al., 2000) . LDH activity [10n5 U (mg protein) −" ] in the MG1363 strain grown on mannitol was lower than that reported for glucose-grown cells [16n1 U (mg protein) −" ]. Furthermore, the lactate-producing activity determined in extracts of the LDH d construct was reduced 40-fold upon growth on mannitol. This low ' LDH' activity was measured by "H-NMR in extracts of mannitol-grown cultures, since the sensitivity of the standard spectrophotometric method coupled to NADH oxidation was too low to allow detection. Interestingly, PFK and PK, enzymes encoded by the same operon as LDH, were reduced by about 1n4-fold in the LDH d strain grown on mannitol when compared to glucose-grown cultures (Neves et al., 2000) . C-NMR. Symbols : j, glucose ; , lactate ; >, ethanol ; X, acetoin ; W, acetate ; 4, 2,3-butanediol ; =, FBP ; , 3-PGA ; 5, PEP ; #, mannitol ; $, Mtl1P. For the sake of clarity the following labels were included in the graphs : EtOH, ethanol ; Glc, glucose ; Mtl, mannitol ; 2,3-Bd, 2,3-butanediol ; Lact, lactate ; Ac, Acetate. Fitted lines are simple interpolations. All the determinations were done at least in triplicate in two extracts obtained from independent cultures ; mean accuracyp5%. , Not detected ; -, not determined. Activities measured in glucosegrown cells were reported previously by Neves et al. (2000) . f, forward ; r, reverse. (mg protein) −" , respectively (Neves et al., 2000) . The results in Table 2 show that growth on mannitol strongly induced Mtl1PDH, since much higher activities were found in both strains when grown on mannitol. The effect of NADH on the activity of Mtl1PDH was also assessed. Concentrations of 0n2, 0n4 and 0n6 mM caused, respectively, 26, 47 and 64 % reduction of the activity.
Enzyme
DISCUSSION
The potential biotechnological applications of mannitol in the food industry triggered the elucidation of mannitol metabolism in the starter bacterium L. lactis. This work shows that both the LDH d strain and the parental strain, MG1363, were able to use mannitol as a source of energy for growth, although higher Y ATP values, specific growth rates and substrate consumption rates were achieved in glucose. In L. lactis, mannitol is most likely transported by a PEP : PTS Mtl . In fact, an operon (mtlARFD) encoding proteins with high sequence similarity to EIICB MTL , MtlR, EIIA MTL and Mtl1PDH of other organisms has been identified in the genome of L. lactis (Bolotin et al., 2001) . Furthermore, a L. lactis ptsH1 mutant strain in which the phosphorylated Ser-46 of HPr was replaced with an alanine, lost the capacity to grow on mannitol, suggesting that this polyol is transported by a PTS (Monedero et al., 2001) . After mannitol transport and concomitant phosphorylation, the resulting Mtl1P is oxidized to F6P via Mtl1PDH with production of NADH (Fig. 6 ). This NADH burden probably creates a strong obstruction to mannitol metabolism and is responsible for the lower performance of mannitol in supporting growth of L. lactis. In fact, the accumulation of large amounts of Mtl1P during growth on mannitol, and also in non-growing cells metabolizing mannitol (Figs 2-4 nitol-grown cells. The relative sizes of the Mtl1P and FBP pools in resting cells, the Mtl1P pool being much higher than that of FBP, and the drastic decrease of FBP in glucose-grown cells constitutes additional evidence for the position of the main bottleneck upstream of the reaction catalysed by GAPDH. The remarkable accumulation of Mtl1P, which reaches concentrations of the order of 100 mM in non-growing cells, could be in part due to inhibition of Mtl1PDH by NADH accumulation, since in vitro this enzyme is considerably inhibited by this coenzyme, a feature also described for GAPDH (Even et al., 1999 ; Neves et al., 2002) . Accumulation of NADH up to 2n5 mM was recently determined in vivo in an LDH d strain derived from L. lactis MG1363 by gene replacement during the metabolism of glucose (Neves et al., 2002) .
In contrast to the results obtained for the kinetics of the FBP pool, which reaches a steady level whilst glucose is available (Neves et al., 1999) , the Mtl1P pool increases continuously, although at a slower rate, after the initial steep accumulation (Figs 3 and 4) . A plausible explanation could be substrate inhibition of Mtl1PDH by Mtl1P. The kinetic mechanism of Aspergillus niger Mtl1PDH was proposed to be a random bi-bi mechanism with two dead-end complexes (Kiser & Niehaus, 1981) . Therefore, if both Mtl1P and NADH accumulate above a certain level, an inactive enzyme-Mtl1P-NADH complex is formed, and consequently the amount of active enzyme will be reduced.
A significant production of lactate by the LDH d strain was observed under all conditions tested. This construct possesses two dysfunctional truncated copies of the ldh gene. One is under the control of the las promoter and the other has no promoter unless there is readthrough from the integrated plasmid (Gasson et al., 1996) . The activity measured is either due to one of these copies, or more likely, to a distinct LDH, since four genes showing sequence homology with ldh genes from other organisms are present in the genome of L. lactis IL1403 (Bolotin et al., 2001) . The latter hypothesis is probably correct, since an LDH-deficient strain obtained by a single crossover deletion of the ldh gene in L. lactis MG1614 still produced lactate and a different LDH was isolated from that strain (Gaspar, P., Coelho, P., Neves, A. R., Shearman, C., Gasson, M. J., Ramos, A. & Santos, H., unpublished results) . Interestingly, the lactate-producing activity measured in extracts of mannitol-grown cells was 40-fold lower when compared to glucosegrown cells, but the mechanisms underlying this phenomenon, also observed in MG1363 extracts although to a lesser extent (1n5-fold reduction of LDH activity), are unknown. LDH and PK activities are also lower in L. lactis cells grown on galactose when compared to glucose, and this was believed to be due to reduced transcriptional activation of the las operon by the carbon catabolite protein A, CcpA (Luesink et al., 1998) . It was suggested that this could be a consequence of lower intracellular G6P and FBP, which were found to enhance the binding of CcpA to DNA in Bacillus subtilis (Deutscher et al., 1995 ; Miwa et al., 1997) . However, a different explanation must hold for L. lactis, since we have found higher FBP levels in mannitol-grown cells than in glucose-grown cells (Fig. 2) .
Also intriguing is the poor utilization of mannitol for growth of MG1363 when compared to LDH d , which exhibits reasonably good growth yields on this substrate (Fig. 1) . This suggests that the disruption of the ldh gene per se induced the expression of genes implicated in mannitol transport and metabolism in the LDH d strain. Mtl1PDH, a key enzyme for mannitol utilization, was enhanced by at least 34-fold (compare activities of glucose-grown cells in Table 2 ), and the glucose-grown parental strain was unable to utilize mannitol (not shown), whereas comparable consumption rates were observed in the LDH d strain regardless of the growth substrate.
A striking feature in the composition of the end products derived from mannitol by the LDH d strain was the considerable accumulation of ethanol, with 50 % of the pyruvate being converted to this alcohol. This is the expected response to the higher pressure to oxidize NADH, since ethanol provides the most efficient pathway for the disposal of reducing power. What is surprising is the minor production of lactate during growth of MG1363 in mannitol despite the very high activity of LDH (Table 2) , the main site for NADH oxidation in this organism during the utilization of more natural substrates, such as glucose. At present, the drastic change of the carbon flux distribution at the pyruvate node remains elusive.
Given the potential impact of mannitol in the development of healthier food products, the synthesis of mannitol in L. lactis is a desirable metabolic trait. The insight into mannitol and glucose metabolism gained from the present work discloses the LDH d strain as an adequate genetic background to proceed with a metabolic engineering approach aimed at the enhancement of the in situ production of mannitol. The construction of a mannitol overproducer would have to take into account the ability of L. lactis to use mannitol as energy source. Since the uptake of mannitol is mediated by a PEP : PTS (Bolotin et al., 2001 ; Monedero et al., 2001) we propose that such a strain could be obtained by knocking out the mtlA gene encoding the transport protein (EII Mtl ). Work is in progress in our team to attain this goal.
